Although the association of alcoholism and fatty liver was described as early as 1836 (3), the pathogenesis of this disorder is still the subject of controversy. Among the problems at issue is the question of whether the fatty liver observed after prolonged alcohol intake is due only to nutritional deficiencies associated with alcoholism or whether it is caused by alcohol itself (4) (5) (6) .
In the present study an attempt was made to dissociate the effect of ethanol per se from sequelae of dietary deficiencies. It was found, both in man and in rats, that ethanol ingestion produces fatty livers, despite maintenance of adequate diets.
Methods
A. Clinical studies Subjects. Five individuals were studied under metabolic unit conditions. The subjects varied in age between 36 and 62 years; all but one were males. All had a history of alcoholism, but they had abstained from alchohol for periods varying from 30 days to 2 years. At the time of the study, none had clinical evidence of liver disease, and liver function tests were normal (Table I). The subjects had a history of previous alcoholic fatty liver, documented by liver biopsy, but at the time of * Submitted for publication October 16, 1964 ; accepted February 25, 1965. Presented in part at the 76th Annual Meeting of the Association of American Physicians (1) and the Annual Meeting of the American Association for the Study of Liver Diseases (2) . the study, liver morphology had returned to normal, as indicated by the biopsies done during the control periods (Figures 2a, 3a , 4a, and 5a).
Diets and procedure. The composition of the diet will be indicated individually with the results. Four individuals received solid conventional foods, and one subject (No. 3) was given a liquid diet, containing sucrose as carbohydrate. All the diets had an adequate content of nutrients, including amounts of vitamins and minerals above the daily recommended allowances (7) . Special care was given to the maintenance of constant food intake, both during the control and ethanol periods; dietary consumption varied between 90 and 100% of the food administered, and the individuals maintained stable body weights during the entire study (Table I ). After control periods, alcohol,' considered to have a caloric value of 7 calories per g (7) , was administered divided in five or six daily doses, either as blended whiskey (four individuals) or, in the subject given the liquid diet, as laboratory ethanol. It was either isocalorically substituted for carbohydrate given during the control period (Subjects 1 to 3) or added to the normal diet (Subjects 4 and 5). The dose and duration of alcohol administration will be indicated individually for each subject with the results. The amounts given produced mild euphoria, without gross intoxication. Liver biopsies were performed during the control periods and after various intervals of ethanol administration. In Subjects 3 and 4, liver biopsies were also done approximately 1 month after ethanol withdrawal.
Chemical assays. Blood samples were collected in the morning with subjects in the fasting state before alcohol administration, unless otherwise indicated. Blood samples were centrifuged within 2 hours after collection, and the heparinized plasma or serum was immediately frozen at -180 C until analysis. Serum alcohol was determined by the method of Newman and Newman (8) . For the analysis of glycerides, 1 ml of plasma was extracted with chloroform-methanol (9), the phospholipids were adsorbed on small silicic acid columns, and the glycerides were measured in the eluant (10) . Determinations were also done of plasma glucose, blood hematocrit, amylase, and liver function tests, both during the control periods and after various intervals of ethanol administration. (Figure 1 ). Loss of ethanol by evaporation was negligible in the diets kept in the drinking tubes for periods up to 48 hours. In the high fat diet, sucrose (36% of calories) was replaced with the oil mixture, leading to a total fat content of 79% of the total calories ( Figure 1 ). Two hypocaloric diets were also prepared by omitting sucrose from the control diet to the extent of 18 or 36% of the total calories ( Figure  1) .
Ethanol was introduced into the diet gradually. The final concentration of 50 g per L of ethanol was achieved on the fifth day of feeding. During the first 2 days, the animals were given the liquid diet with 30 g per L ethanol, which was increased to 40 g per L for the third and fourth days. The high fat diet was administered with a similar stepwise increase. The rats were studied in groups of two to four littermates. Observations during the initial days indicated in each group which of the animals had the lowest spontaneous food intake. This rate limiting rat (which was usually the one given alcohol) received the liquid diet ad libitum, and its pair-fed littermates were fed isocaloric amounts of one of the other diets on the following day. During the 24 hours preceding the sacrifice of the rats, the diets were given in three divided doses at approximately 8-hour intervals.
The body weight of the rats was determined at least twice a week. After 10 or 24 days, the animals were sacrificed by decapitation, blood was collected from the neck vessels, and serum was frozen at -180 C until analysis. Samples of hepatic, pancreatic, and small intestinal tissue were fixed in 10%o neutral formalin until processing for histological examination.
Chemical assays. Hematocrits were measured by the microprocedure. Total lipids were extracted from approximately 1 g of liver (16) and quantitated by the weight of the dried extract. Lipid classes were fractionated by silicic acid column chromatography and quantitated as described previously (17) . In eight rats, fat free dry weight of the livers was determined, and the lipid content was 
Results

A. Clinical studies
The liver biopsies done in the five individuals studied under metabolic ward conditions showed fat accumulation in the liver after ingestion of ethanol, either as isocaloric substitution of carbohydrate ( Figures 2 to 4 ) or in addition to the basic diet ( Figure 5 ). Although the liver biopsies done during the control period indicated normal hepatic morphology, vacuoles filled with fat (confirmed by Sudan IV stains, Figures 2b', 2c') appeared during alcohol administration. Individual variation was apparent, and the distribution of the fat was irregular, with marked accumulation in some areas, whereas in others fat infiltration was less pronounced. No preferential localization of the fat within central, midzonal, or periportal hepatic lobular areas was apparent. In Subject 4, given up to 300 g of ethanol per day ( Figure 5 ), fat accumulation was already visible by 8 days (Figure 5b ), whereas in Subject 5, given half this amount, no lesion was visible after 8 days, but fatty infiltration was present after 21 days, similar in degree to the one found in Subject 3 ( Figure 4b) biopsied after 11 or more days of ethanol intake (Figures 2 to 4). Subjects 1 and 2 were biopsied twice during the ethanol phase; the last biopsies revealed more hepatic fat vacuoles. Subjects 3 and 4 were biopsied 1 month after ethanol withdrawal, and hepatic morphology was found to be restored to normal (Figures 4c and 5c ).
As indicated in Figure 5 , addition of ethanol to a regular diet in amounts up to 300 g per day resulted in a marked rise of plasma glycerides accompanying the development of hepatic steatosis. In the other four individuals, given about half this dose or less of ethanol, no significant change was observed in circulating glycerides. The serum ethanol concentrations observed in the individual given the largest dose of ethanol have been represented in Figure 5 . Peak values of about 200 mg per 100 ml were observed. In the four other individuals, given lesser amounts of ethanol, serum alcohol levels were only moderately increased, varying between 30 and 100 mg per 100 ml.
No significant changes were found in plasma glucose, blood hematocrits, serum amylase, or in liver function tests or body weight (Table I) .
B. Animal studies
Total hepatic lipids were similar in a group of ten rats given Purina chow diet ad libitum (41.6 + 0.9 mg per g of liver) and in the various series of animals fed the sucrose control diet in pairfeeding with the different alcohol groups, as indicated below and in Table II . Detailed analysis of hepatic lipids was done in 14 pairs of rats treated for 10 days and 19 pairs of rats treated for 24 days with the 5%o ethanol diet (36% of total calories) or the sucrose control diet (Table  II) . A striking progressive rise in total lipids was observed with ethanol, due predominantly to an accumulation of hepatic triglycerides, which increased on the average eightfold after 24 days. Ethanol given over 24 days resulted in an increase of liver weight, more than half of which could be accounted for by the excess lipid (Table  II) . The accumulation of lipid in the liver was accompanied by corresponding morphological changes. The histological appearance of a pair of rats with average hepatic lipid changes is indicated in Figure 6 . Like the chemical results (Table II) . . 4 6 " ".
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. In the rats fed the 18% hypocaloric diet, the average daily weight gain (1.79 0.38 g) was comparable to that of the alcohol group, whereas the animals given the 36%o hypocaloric diet had no significant change in weight. Growth rates of the controls and the rats given the diet rich in fat were similar.
Serum alcohol levels were determined at random at the time of sacrifice in 17 rats having free access to the alcohol diets: either 3% (6 rats) or 5% (11 rats). Serum alcohol concentrations were negligible in the rats given the 3% alcohol diet, whereas they averaged 63.7 + 12.6 mg per 100 ml in the group fed the 5%o ethanol diet.
At the time of sacrifice, hematocrit values were similar in all groups.
Discussion
The major point of the present study was to determine whether both in man and in rats alcohol can produce fatty liver despite an otherwise adequate diet. (20) failed to detect a deleterious effect of alcohol administered to patients recovering from alcoholic fatty liver. In their studies, however, the amounts of alcohol given were less than in our investigation and much less than the usual intake of alcoholics. In contrast, Menghini (21) found, with presumably larger amounts of alcohol, that clearing of the fat from alcoholic fatty livers was prevented by alcohol ingestion. Recently Erenoglu, Edreira, and Patek (22) gave amounts of alcohol similar to the ones used in the present investigation to subjects with pre-existing cirrhosis and failed to detect harmful effects on the cirrhosis, but mild fat accumulation was noted on histological examination.
All the preceding studies were concerned with the effect of alcohol in subjects with fatty liver or cirrhosis, leaving the question unanswered as to whether in subjects with morphologically normal livers, ingestion of alcohol in a dose approaching amounts usually consumed by alcoholics is capable of producing fat accumulation, even in the absence of dietary deficiencies.
Our data demonstrate that in subjects with a history of alcoholic fatty liver, but whose hepatic morphology has returned to normal, accumulation of fat in the liver can be produced by the consumption of relatively moderate amounts of alcohol, either in addition to or as isocaloric substitution for carbohydrate in an otherwise adequate diet. In man, fat accumulation was not quantitated chemically. On histological examination, it appeared to be moderate and less pronounced than the marked steatosis that can sometimes be seen in patients hospitalized for alcoholic liver disease. The mildness of the fat accumulation under the present experimental conditions appears to be linked, at least in part, to the relatively modest dose of alcohol, which was in every instance much less than the spontaneous intake of these individuals when on an alcoholic debauch.
The steatosis appeared to depend on both the dose and the duration of ethanol intake, but in the limited number of subjects studied, it was not possible to establish whether a threshold exists for the production of fatty liver by ethanol. It (4, 25) . These experiments led to two concepts regarding pathogenesis: either that the fatty liver is due to dietary deficiencies associated with the caloric load of ethanol rather than to ethanol itself (4) or that the effect of dietary deficiencies is potentiated by alcohol, through enhancement of choline requirements independent of the increase in caloric intake (25) .
To determine whether hepatic steatosis can be produced in rats with ethanol in the absence of any dietary deficiencies, an experimental method was needed to increase the amounts of alcohol consumed by the rats. When given acutely without food in a large single dose by gastric tube, alcohol was found to produce fat accumulation in the liver (26) (27) (28) (29) (30) , but the mechanisms involved in these acute experiments do not necessarily apply to more prolonged alcohol intake, such as is observed commonly in chronic alcoholic patients.
In the present study, prolonged intake of substantial amounts of alcohol was achieved by overcoming the natural aversion of rats for alcohol through incorporation of the ethanol in a completely liquid diet with the exclusion of any other source of food or fluid. With this experimental design, the amount of alcohol ingested could be raised to 36% of total calories. The nutritional adequacy of this diet was evidenced by continued growth as well as normal hepatic morphology and fat content in the controls. This amount of alcohol resulted in moderate serum alcohol levels and was sufficient to consistently produce hepatic steatosis, with an average eightfold rise of hepatic triglycerides after 24 days (Table II) .
Despite isocaloric pair-feeding, the rate of growth was significantly less in animals on alcohol as compared to the controls. This confirms previous studies indicating that alcohol does not support growth as well as carbohydrate (12, 24, 31) . The lesser gain in body weight seen in the animals given alcohol suggests that either alcohol, in some way, affects food utilization or increases caloric loss, or that the calories from ethanol are less available for growth. Hypocaloric diets, however, produced no steatosis, indicating that the alcoholic fatty liver was not simply a result of a lack of available calories. Although the animals given alcohol achieved less total body weight than the controls, the weight of their livers was significantly increased, which was due, to a large degree, to fat accumulation (Table II) .
That the fatty liver associated with isocaloric substitution of carbohydrate by alcohol is due to a specific effect of alcohol itself rather than to some nonspecific change of the diet (for instance, a decrease in carbohydrate content) was also indicated by the experiments with the high fat diet.
When 36% of the total calories given as carbohydrate in the control diet was replaced with fat instead of alcohol, no fatty liver occurred, indicating that the capacity of alcohol for producing a fatty liver is greater than that of fat itself.
Possible mechanisms responsible for the hepatic steatosis have not been assessed directly in the present study, but the observed blood lipid changes contribute indirectly to the-understanding of the pathogenesis of this type of fatty liver. It has been postulated that fat accumulation could result from a decrease in lipoprotein release from the liver (32) . Although this possibility has not been ruled out, the fact that a fatty liver was observed simultaneously with the development of hyperglyceridemia ( Figure 5 ) and that alcohol has been shown previously to produce hyperglyceri-demia (1, 5, 17, 29, 33) suggests that decreased hepatic glyceride release does not represent a primary cause for fatty liver development, at least not during the initial period.
After the acute administration of a large single dose of alcohol to rats, fat that accumulated in the liver resembled adipose tissue lipids (29) , incriminating increased peripheral fat mobilization as a mechanism for the hepatic steatosis. The latter experimental model, however, differs markedly from the experimental design used in the present study in which hepatic fat accumulation was produced by the repeated administration over prolonged periods of time of more moderate doses of alcohol. With prolonged ethanol intake, fat that accumulated in the liver, both in man and in rats, differed markedly from adipose tissue lipids, indicating that fat depots do not represent a major source for the lipids of this type of alcoholic fatty liver (34) . Theoretically, hepatic steatosis produced by prolonged alcohol ingestion could be due to increased hepatic lipogenesis or to an interference by ethanol with hepatic lipid disposition. Ethanol has been found to increase hepatic production of fatty acids (35) and triglyceride (29) and to decrease hepatic fatty acid oxidation, both in vitro (35) and in vivo (30) . Some of these effects appear to be linked to the generation of reduced nicotinamide adenine dinucleotide produced by the oxidation of ethanol in the liver (6, 35) . Theoretically, all these mechanisms, as well as some additional possibilities (36) , including hepatic deposition of dietary fatty acids (34) , could play a role in the fatty liver produced with ethanol. Summary 1. In studies performed under metabolic unit conditions in five alcoholic subjects, isocaloric substitution of carbohydrate by ethanol in an otherwise normal diet or addition of ethanol to an adequate diet resulted in fat accumulation in the liver. This incriminates ethanol itself as a direct etiologic factor in the pathogenesis of the alcoholic fatty liver, independent of nutritional deficiencies.
2. The natural aversion of rats for alcohol was overcome by incorporating ethanol in a liquid diet. With this feeding technique, the spontaneous ethanol intake was almost twice as high as with conventional feeding procedures and became comparable to the amounts used in the clinical studies (36%o of total calories). As in man, isocaloric replacement of sucrose (36%o of total calories) by ethanol produced fatty liver. After 24 days of treatment, the average hepatic triglyceride increase was eightfold. Only a minimal effect was observed when the ethanol dose was reduced to 20%o of total calories.
3. In rats given liquid diets, isocaloric replacement of ethanol by fat did not produce hepatic steatosis, demonstrating that the capacity of ethanol for generating fatty livers is greater than that of fat itself. No fatty liver developed when sucrose (to the extent of 18 or 36%o of total calories) was omitted from the control diet, indicating that the steatosis observed with isocaloric substitution of sucrose by ethanol was not simply due to a lack of carbohydrate calories.
4. Rats fed the ethanol-containing diet had less total body weight gains than the controls, indicating that ethanol supports growth less well than sucrose. The livers of the ethanol-fed rats were heavier, however, largely due to fat accumulation.
